early Universe. The BESS experiment has measured the energy spectra of cosmic-ray antiprotons to investigate signatures of possible 23 exotic origins sucb as dark matter candidates or primordial black boles. and searched for heavier antinuclei that might reach Earth from 24 antimatter domains formed in the early Universe. The apex of the BESS program was reached with the Antarctic flight of BESS-Polar II, 25 during the [2007] [2008] Austral Summer, that obtained over 4.7 billion cosmic-ray events from 24.5 days of observation. The flight took 26 place at the expected solar minimum, when the sensitivity of the low-energy antiproton measurements to a primary source is greatest. 27
Here, we report the scientific restilts, focusing on the long-duration flights of BESS-Polar I (2004) and BESS-Polar II (2007 through with minimal interaction probability (Yamamoto 97 et aI., 1988) . This conflguration maximizes the opening 98 angle of the instrwnent, and hence the geometric factor, 99 making it ideal for rare-particle measurements. BESS 100 began as a balloon-borne instrument to validate this con-101 cept, and rapidly evolved into an immensely capable scien-102 tific program in its own right (Orito, 1987 their charge, charge-sign, magnetic rigidity, and velocity. This infonnation is subsequently used to derive their mass and kinetic energy. Elemental spectra can be measured to >100 GeV. All BESS instruments, improved during the course of the program, use similar instrwnent configuratiom with detail changes reflecting the evolution of the instruments and flight-specific requirements (Yoshida et al.,; Yamamoto et al., 2008; Mitchell et aI., 2009 ). JET .---- penetrate the spectrometer with munmum interactions (Yamamoto et al., 1988; Makida et al., 2005) . Since the magnetic field is very uniform inside the solenoid, the deflection measurement is very accurate for all trajectories within the instrument geometric acceptance. A maximum detectable rigidity (MDR) of 200 GV was achieved in the original BESS instrument and 280 GV in BESS-Polar. For the BESS-TeV flights in 2001 and 2002, outer drift chambers were added to raise the MDR to 1400 GV (Haino et aI., 2004) . . Versions of the original BESS instrument were used for the initial 9 northern-latitude flights. In order to take advantage of the long flight durations and low geomagnetic cutoff in Antarctic flights, a completely new version of the instrument, BESS-Polar, was developed (Yamamoto et al., 20020.; Yoshida et al., 2004; Mitchell et aI., 2004; Yoshimura et aI., 2008) . The BESS-Polar magnet has half the material (radiation) thickness in the coil wall, achieved by use of improved superconducting wire with A1 stabilizer strengthened by alloying with Ni and by cold-working (Yamamoto et aI., 2002b; Makida et al., 2005) . Reduced heat transmission to the low-temperature components gives a much improved cryogen lifetime. In addition, the outer pressure vessel was eliminated, the ACC was moved to the bottom, and the MTOF was added. The result was a spectrometer with ~4.5 glcm 2 encountered by incident triggering particles compared to ~18 glcm 2 in the previous BESS instrument, lowering the effective energy threshold to well below 100 MeV at TOA. The BESS-Polar data acquisition system has the required throughput and storage capacity to record all triggered events, and so no longer requires down-sampling of proton data. Greatly reduced power consumption and a new solar-cell array power system enable long-duration flights. In BESS-Polar I, the magnet cryogen lifetime was 11 days. BESS-Polar I was flown in 2004, acquiring data for 8.5 days and recording ~2 terabytes of data on 9 x 10 8 cosmic ray events. High-voltage breakdown in some of the TOF photomultiplier units reduced the geometric acceptance to about 0.2 m 2 sr and impacted TOF resolution. BESS-Polar I measured 432 antiprotons at energies below 1.3 GeV, nearly a 4-fold increase in statistics over BESS measurements duririg the previous solar minimum, and 1512 antiprotons over the 0.1--4.2 GeV energy range. Technical improvements for BESS-Polar II, see Table 1 , addressed cryogen lifetime, detector performance and stability, power system performance, data storage, and the efficiency of the final prelaunch assembly process. For BESS-Polar II, cryogen lifetime was increased to >25 days, the TOP resolution was effectively improved to ~ 120 ps, the rejection power of the ACC was increased to ~6000, and the full geometric acceptance of 0.3 m 2 sr was maintained throughout the flight. BESS-Polar II operated at float altitude for 24.5 days with the magnet energized, recording 13.5 terabytes of data on over 4.7 X 10 9 cosmic ray events. This more than doubles the combined data from all previous BESS flights, including BESS-Polar I, and is several times the data expected from PAMELA in the BESS-Polar energy range. Most important, the BESS-Polar II llight took place very near solar minimum, as shown in Fig. 2 , when sensitivity to a low-energy primary antiproton source is greatest. The long BESS-Polar II flight gave a ~20-fold . increase in the number of antiprotons detected below I GeY compared to the BESS-97 data at the previous solar minimum and a ...... 14-fold increase over the combined BESS-(95+97) data. After about one and two-thirds orbits of Antarctica, the BESS-Polar II flight was terminated over the West Antarctic Ice Sheet, as shown in Fig. 3 , because of concerns over the flight trajectory. Logistics considerations prevented immediate recovery. Recovery of the BESSPolar II instrument was successfully carried out two years later in 2009-2010. .
Scientific progress from BESS-Polar oboervation
The general BESS and BESS-Polar scientific progress has heen reviewed in the references (Yamamoto, 2003;  '-"-' ..... In this report, we focus on progress in the searches for cosmic-ray antiproton origins and for cosmological antimatter from the BESS-polar program.
Precise measurement of the antiproton spectrwn
Most cosmic-ray antiprotons are produced by interactions of high-energy Galactic cosmic rays with the interstellar ·medium. Due to production kinematics and to the energy spectra of the primary cosmic rays, the energy spectrum of these secondary antiprotons has a characteristic peak at around 2 GeY and decreases sharply below and above the peak. This feature is clearly shown by the BESS data (Oritoet al., 2000; Abe etal., 2008) . Their mainly secondary origin makes antiprotons important tools to probe cosmic-ray transport as discussed in a recent comprehensive review (Strong et aI., 2007) . Deviations from the expected antiproton spectrum may signify the contribution of a primary source such as evaporation of primordial black holes (PBH) or annihilation of neutralino dark matter. PBH evaporation is expected to yield an antiproton spectrum with a peak well below I GeY. Superimposed on the steeply decreasing secondary antiproton spectrum, this could cause a flattening of the observed spectrum . Although the BESS (95+97) antiproton flux measurements at the last solar minimum hint at an excess at low energy (Orito et aI., 2000) , successive measurements, .. II flight would be about I CO( -). The dashed curves are calculations with the SLB model modulated with the spherically symmetric approach (Fisk, 1971) . The modulation parameters of </> = 550 MV and 850 MY correspond to the measurements with BESS (95+97) and BESS-Polar (2004) , respectively. The modulation parameter for GiiiSR-10669 . A. Yamamoto et allAdrxmcu in Space Re.St!Qlch xxx (20ll) limit (Ormes et al., 1997; Sasaki et al., t002, 2008 Sasaki et al., t002, , 2010 , statistics increased a factor of ::;"'10 compared to BESS mea-365 surements at the previous solar minimum, BESS-Polar II 366 data shows good consistency with the secondary antjpro-367 ton calculation. With further analysis, this data will place 368 severe limits on any possible PBH evaporation contribu-369 tion to the low-energy antiproton spectrum. and hence to 370 limits on any possible density of primordial black holes. 
